OBJECTIVES: To re-evaluate the efficacy of fluoroscopy-assisted thoracoscopic resection after computed tomography (CT)-guided bronchoscopic metallic coil marking (FATS-CM), which was our original method for small peripheral pulmonary lesions.
INTRODUCTION
With recent advances in computed tomography (CT), small peripheral pulmonary lesions invisible by chest radiography are increasingly being detected [1] . Furthermore, The National Lung Screening Trial Research Team reported that screening with the use of low-dose CT reduced mortality from lung cancer compared with chest radiography [2] . As a result, the spread of screening with CT will further increase the opportunity to treat such lesions. However, the diagnosis of these lesions with percutaneous or transbronchial biopsy is very difficult because they are too small to be visualized [3] . Therefore, thoracoscopic surgical resection is also needed for a definitive diagnosis. Because most of such lesions cannot be detected macroscopically during thoracoscopic surgery, some kind of marking is needed to identify the location of the lesion accurately.
Although there have been several reports on marking methods using dye [4] , coloured collagen [5] , barium [6] , lipiodol [7] , hook wire [8, 9] , Tc-99m radionuclide [10] , intraoperative ultrasonography [11] and so on, these techniques are associated with complications and identification failure. We also undertook a marking method using a hook wire. However, we could not mark multiple lesions; in addition, we experienced several complications, such as fatal air embolism [12] , tendon pneumothorax and some moderate pneumothorax. Subsequently, we performed fluoroscopy-assisted thoracoscopic surgery after CT-guided bronchoscopic metallic coil marking (FATS-CM) for small peripheral pulmonary lesions from January 2003, and reported the safety, feasibility and efficacy of our method retrospectively [13] .
In recent years, sublobar resection including wide wedge resection (WWR), for small peripheral lung tumours showing ground-glass opacity (GGO) on multidetector-CT (MD-CT) scan has been discussed in terms of not only definitive diagnosis, but also the possibility of high curability [14] . Noguchi et al. [15] reported that localized bronchioloalveolar carcinoma, which is thought to be equal to adenocarcinoma in situ (AIS) and minimally invasive adenocarcinoma (MIA) according to the new adenocarcinoma classification [16] , had a better 5-year survival rate (100%) in a study of adenocarcinomas of <2 cm in diameter. Furthermore, when we discuss the possibility of the high curability of sublobar resections in such lesions, the accurate identification of the lesion and resection with sufficient margin are essential conditions. Therefore, adequate marking of the lesion is very important.
In this study, we prospectively evaluated the efficacy of our marking method for small peripheral pulmonary lesions.
MATERIALS AND METHODS

Eligibility
Indications for FATS-CM are the same as in a previous report [13] . This study included lesions that are difficult to identify by thoracoscopic examination, including (i) peripheral pulmonary lesions measuring 10 mm that are scheduled for thoracoscopic wedge resection, (ii) deeply located nodules between 0 and 30 mm from the pleural surface and (iii) GGOs without pleural change. Exclusion criteria for this method are (i) lesions with pleural changes, (ii) deeply located nodules >30 mm from the pleural surface and (iii) lesions that are palpable using pulmonary forceps for thoracoscopic surgery. This clinical trial was approved by an ethics committee: the University of Tokushima Hospital Clinical Research Ethical Review Board, Tokushima, Japan. After obtaining informed consent, 58 patients underwent FATS-CM for 63 lesions between January 2003 and December 2009.
Objective
The primary objective of the study was to assess the safety and feasibility of FATS-CM. The second objective was to evaluate the effect of the treatment protocol for GGO lesions of <20 mm using FATS-CM.
Patients
The patients consisted of 18 males and 40 females, with an average age of 62.3 (26-86) years. Preoperatively, no lesions were histologically diagnosed. In total, 54 patients had solitary lesions and 4 had a total of nine multiple lesions (3 patients with two lesions and 1 with three lesions). The average tumour size was 12.4 (6-27) mm. The average distance from the tumour to the visceral pleural surface was 8.1 (0-25) mm. The lesions consisted of 53 GGO types and 10 solid types. GGO-type tumours were divided into three groups: tumours with pure GGO (n = 19), those with a GGO ratio ≥75% (n = 31) and those with a GGO ratio <75% (n = 3) ( Table 1) .
Multidetector-computed tomography
MD-CT was performed with an Aquilion 16 (Toshiba Medical Systems, Tokyo, Japan). The following acquisition parameters were used: high voltage (120 kV), tube load of 100-400 mA, slice thickness of 1 mm, tube rotation time of 0.5 s/rotation and helical pitch of 15. Images were photographed onto each sheet of film using the lung (level, −600 Hounsfield units (HU); width, 1600 HU) and mediastinal windows (level, 40 HU; width, 400 HU).
Tumours were classified into solid type and GGO type. For the GGO type, five surgeons measured the percentage of GGO area (GGO ratio) and made a classification into one of three groups: pure GGO, GGO ratio ≥75% and GGO ratio <75%. The GGO ratio was defined as follows: GGO ratio = 100 × tumour area of the mediastinal windows/tumour area of the lung windows [17, 18] .
Virtual bronchoscopic navigation
Since August 2008, we have used a new virtual bronchoscopic navigation (VBN) system, which is different from the VB images of our previous study [13] . Chest CT was performed with a MD-CT scan (Aquilion; Toshiba Medical Systems) with the previously used parameters: collimation of 0.5 mm, four detectors, pitch of 5-7 and rotation time of 0.5 s. These data were converted to digital imaging and communication in medicine data. VBN images were reconstructed with the software Bf-NAVI (Olympus Medical Systems, Tokyo, Japan) by two surgeons (H.T. and K.K.). We can lead the tip of the bronchoscope to the nearest bronchus from the target lesion using the VBN system simultaneously ( Fig. 1A and B) .
Localization technique
The procedure was basically the same as in our previous study [13] . However, we have been using a CT system (SOMATOM Sensation, SIEMENS Co., Ltd., Tokyo, Japan) and a fluorescence system (AXIOM Artis FA, SIEMENS Co., Ltd.) since 2007, and a new VBN system since August 2008. First, the anatomical location of the target lesion was examined by thin-section CT with 1-mm collimation. Secondly, after a video-bronchoscope (type 260, Olympus Medical Systems) was orally inserted with local anaesthesia for examination of the tracheobronchial lumen, an ultrathin video-bronchoscope (type XP260F, Olympus Medical Systems) was orally inserted into an objective bronchus guided with the VBN and fluorescence systems (Fig. 1C) , and a tracheobronchial coil-feeding catheter (Boston Scientific Japan Co., Ltd., Tokyo, Japan) was inserted over the tip of the bronchoscope from the forceps aperture. Thirdly, we checked the three-dimensional relationship between the catheter, bronchoscope and the lesion by CT. If the tip of the catheter had reached the objective bronchus, a fibre platinum coil (Boston Scientific Japan Co., Ltd.) was installed under fluoroscopic guidance. Finally, we checked the relationship between the installed coil and the lesion by CT (Fig. 1D) .
Thoracoscopic resection technique
The interval between the marking and the operation simply depended on the operation schedule because an intrabronchial CM is almost permanent. The operation was performed as per the previously reported procedure [13] . After initiating single-lung ventilation with general anaesthesia, a thoracoscope was inserted through a trocar. Additional trocar insertion was performed at appropriate sites after equipping a C-arm-shaped portable fluoroscopic unit. The nodule with CM was grasped with forceps and resected with endostaplers under fluoroscopic and thoracoscopic guidance ( Fig. 1E and F) . The specimen was immediately examined to determine the completeness of the resection and then sent to a pathologist. The surgical procedure was finally determined after diagnosis by frozen pathological examination ( Fig. 1G and H ).
The algorithms of treatment for GGO lesions of <20 mm Figure 2 shows the algorithms of treatment for GGO lesions of <20 mm. We determined them on the basis of the results of a previous report [13] in September 2004. In all cases, WWR is performed. After confirming lung cancer by frozen pathological examination, the patients with tumours of pure GGO and GGO ratio ≥75% undergo no additional treatment. Patients with tumour lesions with the GGO ratio <75% undergo lobectomy or segmentectomy with lymph node dissection. If the lesion is diagnosed as mucinous AIS with goblet cell hyperplasia, additional resection is not undertaken even if the GGO ratio of the lesion is <75%.
Statistical analysis
All values are expressed as mean and range. Statistical analyses were performed using Student's t-test with SPSS software (Version 11.0.1, SPSS). A P-value <0.05 was considered to be statistically significant. Table 2 shows the results of the CM and surgical procedure and histology. We could install coils in the objective bronchus in all lesions. The numbers of installed coils per lesion were one coil in 57 (90.5%) and two in 6 (9.5%) cases. We could also install coils for each lesion in 4 cases with a total of nine multiple Figure 2 : The algorithms of treatment for GGO lesions of <20 mm. The main procedure also depends on the size and GGO pattern of the lesions and patient's request. CM and WWR are performed for lesions. After confirming lung cancer by the frozen pathological examination, operation was completed for the lesions with pure GGO, GGO ratio ≥75% and mucinous AIS with goblet cell hyperplasia (even with GGO ratio <75%). Lobectomy or segmentectomy with lymph node dissection was performed for lesions with the GGO ratio <75%. lesions. The average distance from the lesion to the coil was 6.9 (0-21) mm. The average time required for the marking procedure was 38.9 (15-120) min. The average number of CT was 3.5 (2-9). Pneumothorax occurred in only 1 (1.7%) case as a complication, but was improved by conservative therapy. There were no fatal complications, such as air embolism and tension pneumothorax. The average interval between the CM and the operation was 5.6 (0-30) days. We never experienced a case of migration preoperatively. Sixty-two (98.4%) lesions were definitively identified, and WWRs were performed using three trocars in 58 (92.1%) cases during thoracoscopic surgery. The average time of resection in all cases (n = 58) was 66.9 (15-314) min. A scatter diagram of the time of resection in all 58 patients is shown in Fig. 3 . Each time of resection is plotted. Forty-six patients had solitary lesions without pleural adhesion and received WWRs with thoracoscopic guidance. The average time of resection in these patients was 46.6 (15-90) min. The resection time in the patients with multiple lesions (Cases 1-4) was 89.5 (66-120) min, in those with pleural adhesion (Cases 5-10) it was 181.3 (85-314) min, in those with coil migration (Case 11) it was 185 min, and in the patient on whom segmentectomy was performed from the beginning (Case 12) it was 109 min.
RESULTS
As a result of intraoperative histological diagnoses, 11 cases were converted to lobectomy and 4 were converted to segmentectomy. In only 1 (1.7%) case, lobectomy was initially performed owing to coil migration. Finally, 63 lesions were diagnosed 20 as AIS, 18 as MIA, 11 as invasive adenocarcinoma, 6 as atypical adenomatous hyperplasia (AAH), 2 as metastatic tumour, 1 as carcinoid tumourlet, 3 as organized pneumonia and 2 as intrapulmonary lymph node.
We compared examination time and the number of CT in 54 solitary cases between the group on whom the new VBN system (VBN (+) group, n = 14) was used and the group without it (VBN (−) group, n = 40). There were no significant differences regarding patient age, average tumour size and average distance from tumour to pleura (Table 3 ). In the VBN (+) group, the average examination time was significantly shorter (27.7 vs 38.4 min, P < 0.05; Fig. 4A ) and the average number of CT was also significantly less (2.5 vs 3.6 times, P < 0.001; Fig. 4B ) than those in the VBN (−) group.
We prospectively treated GGO lesions of <20 mm in diameter according to the algorithms of treatment (Fig. 2) from September 2004. As shown in Fig. 5 , 15 of 16 cases with pure GGO (94%) underwent WWR. Histological diagnosis was AIS in 5 cases, MIA in 2, AAH in 5 and organized pneumonia in 3. Lobectomy was performed in 1 case with pure GGO lesion in the right middle lobe because of coil migration. Nineteen of 21 cases with tumour of the GGO ratio ≥75% (90%) underwent WWR. Histological diagnosis was AIS in 5 cases, MIA in 13 and AAH in 1. In 1 case (AIS), WWR was initially performed, but segmentectomy was additionally performed because of an inadequate interval (<1 cm) between the tumour and the resection margin. In another case (MIA), segmentectomy was initially performed at the request of the patient. Two of 3 cases with tumour of the GGO ratio <75% underwent segmentectomy or lobectomy. The other case underwent WWR, as the intraoperative histological diagnosis showed a mucinous AIS with goblet cell hyperplasia. Thirty-seven of 40 (92.5%) cases were in line with the treatment protocol. There were no local-regional recurrences or distant metastases in these 37 cases. The median follow-up time was 53.6 (13-95) months.
DISCUSSION
In cases of thoracoscopic resections for small peripheral pulmonary lesions, it is most important to identify the lesions accurately. Therefore, some mark is needed to identify the location, and we have thus used the bronchoscopic metallic CM method. In this study, we could confirm that our method was safer than percutaneous marking methods, such as that with a hook wire and lipiodol, in terms of involving fewer complications. Lipiodol also has a potential risk of embolism development owing to its water insolubility [7] . In percutaneous methods, studies reported that pneumothorax occurred in 16-39% [7, 8, 10] , pulmonary haemorrhage in 15% [7, 8] and air embolism in 0.02-0.07% of cases [12] . Moreover, pleural dissemination or needle tract implantation might be a possible adverse event [4] . However, in our method, complication was very rare. Pneumothorax occurred in only 1 case, which improved immediately without drainage. There were no complications, such as pulmonary haemorrhage, fatal air embolism, dissemination and implantation.
In this study, we could confirm the feasibility and reliability of our method. We could install coils in the objective locations in all lesions. Because we carefully checked the position between the tumour and coil on CT and grasped pulmonary parenchyma including the coil using a fluoroscope, we could perform pulmonary resection with a sufficient margin in 62 of 63 (98.4%) lesions. There were no local-regional recurrences in all cases.
In the percutaneous hook-wire marking method, the operation must be immediately performed after marking. However, in our method, the operation is permitted at a later date, because the coil in the installed bronchus is almost permanent and would not migrate preoperatively. This is a great advantage. Moreover, in the percutaneous hook-wire marking method, it is difficult to install more than two markers in the same case owing to the incidence of pneumothorax. However, in our method, it is easy to install more than two coils. Therefore, we could install coils for each lesion in 4 cases with a total of nine multiple lesions.
In the percutaneous hook-wire method, some researchers have reported that missing events during surgery because of wire dislodgement occurs in 4-20% of cases, and failure of intraoperative identification occurs in 0-5% [8, 9] . In localization by dye injection, failure of intraoperative identification occurs in 0-7% of cases because of dye diffusion or severe anthracosis of the visceral pleura [4] . Radio-guided localization using Tc-99m [10] , which is also a percutaneous method, is useful to detect lesions exactly, but needs a gamma probe, which is a specific equipment. Moreover, the operation needs to be performed on the same day because Tc-99m radionuclide has a half-life of only 6 h. These are disadvantages compared with our method. Although intraoperative ultrasonography is also safe and its efficacy has been reported [11] , it might sometimes be difficult to detect lesions not only in patients with obstructive lung disease, such as emphysema, as completely deflating the lung is difficult, but also in cases involving deeply located small lesions and pure GGOs. In fact, the hook-wire method was simultaneously used for 13 of 33 cases of pure GGO [11] . In such cases, our method is thought to be more suitable. Furthermore, in terms of pathological examination, an injected marker, such as lipiodol and barium or secondary haematoma caused by these procedures might disturb the diagnosis of complicated cases [6] . Unlike barium and lipiodol, our marking method did not elicit an inflammatory response and did not affect the pathological findings.
In this study, in only 1 case, coil migration to a more central bronchus occurred when the pulmonary parenchyma was grasped with forceps. As a result, we were compelled to perform lobectomy. Our retrospective review of the CT findings revealed that the axial diameter of the installed bronchus was equal to a 3-mm coil. Later, we use a 6-mm coil if the axial size of the objective bronchus was >3 mm, and there is no coil dislocation.
In recent years, several researchers [17, 18] have demonstrated that tumours with high GGO ratios (≥75%) on high-resolution CT were minimally invasive or non-invasive adenocarcinomas. Suzuki et al. [19] also indicated that GGO lesion <2.0 cm in size and with a consolidation <25% of the maximum tumour diameter on high-resolution CT was considered to be a radiological non-invasive adenocarcinoma in a multicenter prospective study. Furthermore, studies reported the suitability of sublobar resection for a small, localized adenocarcinoma of <2 cm in diameter showing GGO on high-resolution CT [20] [21] [22] . In review studies, the possibility of sublobar resection for such lesions has been discussed [23, 24] . Rami-Porta and Tsuboi [23] indicated that limited resection may be sufficient treatment for a small localized adenocarcinoma if it is possible to diagnose it intraoperatively as having a non-invasive nature and lack of nodal involvement and to perform WWR with a sufficient margin of >1 cm. We agree with these conclusions. In this study, we prospectively treated GGO lesions of <20 mm in diameter according to the algorithms of treatment. We could definitively complete the treatment in line with our algorithms in 37 of 40 (92.5%) cases without recurrence. In 1 case with pure GGO, lobectomy was performed because of coil migration and, in 2 cases with a GGO ratio ≥75%, segmentectomies were performed because of WWR with insufficient margin in 1 case and patient's request in 1 . However, our treatment protocol for GGO lesions using our method showed excellent results.
In contrast, one of the disadvantages of our method is its high cost. The cost of a coil-feeding catheter and metallic coil is about US $1000 in total, but the cost of a hook-type marking needle is about US $100. Our method is very expensive. However, we think that this cost must be borne to secure a safe marking method and reliability of resection. Furthermore, exposure to radiation through CT and a fluorescence system is also disadvantageous. In the hook-wire method, this disadvantage is similarly recognized because CT needs to be performed at least three times in one lesion. In fact, before the introduction of the new VBN system, CT was frequently needed to check the position between the tip of the bronchoscope and the lesion, and the examination time took longer. In recent years, Asano et al. [25] indicated the effectiveness of the simultaneous use of the VBN system for the diagnosis of pulmonary peripheral lesions. Using the new VBN system, we have also been able to lead the bronchoscope into the objective bronchus in a short time. As a result, the new VBN system significantly shortened the examination time and decreased the number of CTs, and consequently reduced the exposure to radiation. We consider that this has developed our marking method into a minimally invasive and mature technique.
In conclusion, we could prospectively show that our method was suitable to perform WWR with a sufficient margin for small GGO lesions of <20 mm. Moreover, we reconfirmed that the advantages of our method were safety, permitting flexibility in scheduling operations and high ability to deal with multiple lesions. Additionally, our method became a minimally invasive and mature technique by using the new VBN system.
